The metal precursor H2PtCl6 is dissolved in an alkaline (e.g. NaOH, LiOH or KOH) solution of a mono-alcohol (e.g. methanol, ethanol or propanol). Specific concentrations and conditions with respect to the resulting particle properties are given below. The reaction can be initiated by thermal heat or light which leads to a colour change from yellow to dark brown indicating the formation of Pt NPs. There is no need to perform the reaction in an inert atmosphere or under anhydrous conditions. The method is robust and reproducible: it was successfully performed, and the results reproduced in four different laboratories, with chemicals from different suppliers. It is not very sensitive to variations of experimental parameters like the concentration of platinum precursor (e.g. H2PtCl6) and volume. Overall, these considerations confer flexibility and scalability to the synthesis compared to alternative synthesis routes.
Synthesis conditions for Pt NPs with a size of ca. 2 nm.
Pt NPs with a size of 2 nm are obtained by heating up a round flask containing 80 mL of a mixture of H2PtCl6.6H2O (2.5 mM) in an alkaline (50 mM NaOH) solution of methanol under reflux conditions for 45 minutes using a microwave oven (CEM Discover SP, 100 W and using a flow of N2 passed on the outside of the vessel for cooling).
Specific synthesis of Pt NPs with a size of ca. 3 nm.
Pt NPs with a size of 3 nm are obtained by heating up a round flask containing 80 mL of a mixture of H2PtCl6.6H2O (2.5 mM) in an alkaline (50 mM NaOH) solution of methanol:water (1:1 volume ratio) under reflux conditions for 45 minutes using a microwave oven (CEM Discover SP, 100 W and using a flow of N2 passed on the outside of the vessel for cooling).
Pt NPs with a size of 5 nm are obtained by heating up a round flask containing 80 mL of a mixture of H2PtCl6.6H2O (2.5 mM) in an alkaline (50 mM NaOH) solution of methanol:water (1:4 volume ratio) under reflux conditions for 45 minutes using a microwave oven (CEM Discover SP, 100 W and using a flow of N2 passed on the outside of the vessel for cooling). Ir NPs with a size of 1.5 nm are obtained by heating up a round flask containing 10 mL of a mixture of IrCl3.xH2O (4.4 mM) in an alkaline (44 mM NaOH) solution of methanol under reflux conditions for 30 minutes using a microwave oven (CEM Discover SP, 100 W and using a flow of N2 passed on the outside of the vessel for cooling).
Specific synthesis of different NPs
Pt NPs Pt NPs were obtained by heating up a round flask containing 8 mL of a mixture of H2PtCl6.6H2O (2.5 mM) in an alkaline (NaOH 50 mM) solution of methanol under reflux for 15 minutes using a microwave oven.
Ir NPs
Ir NPs were obtained by heating up a round flask containing 4 mL of a mixture of IrCl3.xH2O (2.5 mM) in an alkaline (NaOH 50 mM) solution of methanol under reflux for 10 minutes using a microwave oven. Ru NPs Ru NPs were obtained by heating up a round flask containing 80 mL of a mixture of RuCl3.xH2O (2.5 mM) in an alkaline (NaOH 50 mM) solution of ethanol under reflux for 20 minutes using a microwave oven.
Ir-Ru NPs
Ir-Ru bimetallic NPs were obtained by heating up a round flask containing 4 mL of a mixture of RuCl3.xH2O (1.25 mM) and IrCl3.xH2O (1.25 mM) in an alkaline (NaOH 50 mM) solution of methanol under reflux for 20 minutes using a microwave oven.
Pt-Ir NPs
Pt-Ir bimetallic NPs were obtained by heating up a round flask containing 80 mL of a mixture of H2PtCl6.6H2O (1.25 mM) and IrCl3.xH2O (1.25 mM) in an alkaline (NaOH 50 mM) solution of methanol under reflux for 20 minutes using a microwave oven.
Pt-Ru NPs
Pt-Ru bimetallic NPs were obtained by heating up a round flask containing 80 mL of a mixture of RuCl3.xH2O (1.25 mM) and H2PtCl6.6H2O (1.25 mM) in an alkaline (NaOH 50 mM) solution of methanol under reflux for 20 minutes using a microwave oven.
Specific synthesis of Pt NPs obtained by the ethylene glycol process
For comparison of the activity of nanoparticles obtained by the Co4Cat process and alternative surfactant-free approaches, 'unprotected' Pt nanoparticles were prepared as previously reported, using alkaline ethylene glycol as solvent and reducing H2PtCl6.6H2O at 160 °C. [1] S3
C-Preparation of Pt NPs deposited on alumina support
For the preparation of supported Pt NPs on Al2O3 for catalytic investigations, 300 mL of colloidal Pt NPs were synthesised by heating a glass flask, containing a reaction mixture of H2PtCl6.6H2O (2.5 mM) in an alkaline (NaOH 50 mM) solution of methanol to reflux for 1.5 hours. For this purpose an oil bath was applied, heated to 80 °C. This batch size of colloidal Pt NPs can be used to prepare 14.5 g of a 1 wt% Pt-Al2O3 catalyst. In this experiment 1, 5, and 10 wt% catalysts were prepared, which led to 2 g 1 wt%, 1 g 5 wt% and 0.8 g 10 wt% catalysts. To deposit the Pt NPs onto the support, Al2O3 (Puralox SBa 200; Sasol) was added to the as-prepared colloidal Pt NPs. The ratio of alumina and Pt was chosen to give the nominal metal loadings of 1, 5, or 10 wt%. The solvent was then removed at a rotary evaporator (p = 150 mbar; T = 40 °C). The supported catalysts were dried for 2 hours in an oven at 120 °C. Afterwards the catalysts were washed twice with de-ionized water to remove remaining NaOH from the synthesis and dried again at 120 °C before use.
For the comparison of the activity of the Co4Cat nanoparticles, nanoparticles obtained by the polyol process and supported on Al2O3 were prepared as previously reported in detail. [1] D-Materials characterisation Determination of particle size distributions by transmission electron microscopy (TEM).
For particle size analysis a JEOL 2100 or a FEI Tecnai F20 S-Twin TEM both operated at 200 kV were used. Size and morphology were estimated by recording images at three different magnifications (at least x300 000, x400 000, x500 000) in at least three randomly selected areas. The samples were prepared for TEM analysis by dropping the nanoparticle dispersion or the supported NPs redipsersed in methanol onto carbon coated copper TEM grids (Quantifoil). The particle size and size distribution analysis were performed by measuring the size of at least 200 (typically between 700 and 1000 NPs) using the software ImageJ. The mean diameter (in nm) and the associated standard deviation (σ, in nm) for each sample are reported. HRTEM images were obtained with a JEOL 3000F at 300 kV. From HRTEM images crystals with zone axis orientation were analysed by using the software CrystalMatch to verify that all measured lattice planes and their intersection angles were consistent with the same Pt fcc zone axis within an error 10 % for measured distances and 5 % for measured angles. For a given sample 11 crystals were analysed from HRTEM images.
Determination of particle composition by scanning transmission electron microscopy (STEM).
Assessing the bi-metallic nature of small NPs in the size range 1-2 nm is challenging. To confirm that the nanoparticles prepared by the Co4Cat technology contain two precious metals we applied STEM-EDS mapping. The STEM-EDS images were recorded with a JEOL 3000F at 300 kV using a HAADF detector and an EDS detector from Oxford instruments. The nominal probe size was 0.7 nm and the camera length was 20 cm. Drift compensation was applied to increase the number of counts for all analysed regions. The drift was sufficiently small to allow for the recording of S4 elemental maps, but so high that drift could only be compensated for over a few minutes per map, leading to relatively few counts per map. For the Pt-Ru and Ir-Ru samples, STEM-EDS maps were used to determine if the NPs were single-or bi-metallic. The Lα was used for Ru (2.558 keV) and Mα was used for Pt (2.048 keV) and Ir (1.977 keV). The Mα was used for Pt and Ir because it gave higher signal intensities. For the Ir-Pt samples the X-ray M lines were overlapping and therefore could not be used for mapping. The L lines could be separated, but showed less signal intensity. Thus instead of recording STEM-EDS maps for the Pt-Ir sample, an EDS spectrum was recorded from a single NP and several other areas with several NPs.
Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-ray Spectroscopy (EDS) of supported Pt nanoparticles.
The supported Co4Cat catalysts (1, 5 and 10 wt% Pt on Al2O3) and the industrial catalysts (1, 5 and 10 wt% Pt on Al2O3 from Clariant) were characterised by STEM and EDS analysis using a FEI Tecnai F20 S-Twin TEM operated in HAADF-STEM mode with an EDAX r-TEM EDX-Detector with S-UFW window. The metal content analysis of the supported catalysts EDS spectra were recorded on different catalysts grains by scanning an area of 100 x 100 nm 2 .
E-Catalytic measurements Hydrogenation of butanone on Pt/Al2O3
For catalytic investigations of the synthesized Co4Cat (1, 5 and 10 wt% Pt on Al2O3) and the industrial catalysts (1, 5 and 10 wt% Pt on Al2O3 from Clariant,) five in-house designed steel autoclaves were used. The autoclaves were placed on a fivefold stir plate and connected to the same H2 gas line to perform all experiments under identical conditions. The autoclaves were loaded with 1 g at 1 wt%, 0.5 g at 5 wt%, 0.5 g at 10 wt% catalysts prepared with the Co4Cat colloidal process and 1.5 g at 1 wt%, 2.5 g at 5 wt%, 2.5 g at 10 wt% industrial benchmark catalysts. Next the autoclaves were filled with 10 mL 2-butanone, sealed, and purged tree times with H2 (Linde 5.0). Afterwards the pressure was set to 30 bar. Experiments were performed at a temperature of 20 °C and a stirring rate of 800 rpm. The absence of external diffusion limitations was verified by varying the stir rate and the amount of catalyst under differential operation conditions (conversion < 10%). Experiments were run until 100 % conversion was reached. For comparison of the different catalysts, the reaction times were converted as if reactions were run with same Pt mass or same catalyst mass as indicated for the relevant Figures.
Recycling/Deactivation experiments
For the catalytic recycling/deactivation tests a 1 wt% Pt catalyst prepared with Co4Cat colloids was used and compared to the 1 wt% Pt industrial catalyst. Catalytic experiments were performed as described in detail above. After conducting a catalytic test, the reaction mixture with the catalyst was centrifuged to separate the catalyst from the product mixture. The product mixture was then analysed by gas chromatography (GC-2010 Plus, for more details see next chapter). The recycled catalyst was dried for 16 h in an oven at 120 °C, prior to reuse in a subsequent catalytic test. This procedure was repeated so that eventually three recycles were performed for both catalysts.
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Product analysis of catalytic tests
The reaction mixtures of the catalytic experiments were analysed by gas chromatography using a Shimadzu GC-2010plus AF IVD equipped with a Zebron (ZBWAXplus, 30 m length, 0.25 nm inner diameter, 0.25 µm film thickness) column and a flame ionization detector (FID). The column flow with He (Linde, 5.0) was 0.86 mL min -1 . The oven was held at 50 °C for 1 minute, then heated to 75 °C at a rate of 5 °C min -1 and kept for 1 minute. After further heating to 180 °C at a rate of 30 °C min -1 the temperature program was stopped.
Ir NP catalyst film preparation
To prepare a homogenous film of Ir NP onto a glassy carbon (GC) tip for the electrocatalytic measurements, the as prepared Ir NP suspension in methanol was diluted with methanol to a concentration of 200 μgIr ml -1 . 7 μl of the diluted ink was then transferred onto the GC disk for a final loading of 7.14 μgcm -2 . The tip was then dried in air while kept under rotation at 500 rpm to obtain a homogeneous film. 
Oxygen evolution reaction (OER) measurements on unsupported Ir NPs
The OER activity measurements of unsupported Ir NPs were carried out in a classical three-electrode glass cell equipped with a Luggin capillary. A rotating disk electrode (RDE; Radiometer analytical, France) with a 5-mm GC tip embedded into Teflon was employed as working electrode (WE). The potential was controlled by a potentiostat (ECi 200, Nordic Electrochemistry). As counter electrode (CE) we chose a platinum wire. All the potentials were measured with respect to the Reversible Hydrogen Electrode (RHE). The electrolyte (0.1 M HClO4) was prepared using Millipore Milli-Q water (> 18.2 MΩ cm, TOC < 5 ppb) and concentrated HClO4 (suprapure; Merck Germany). The electrolyte solution was saturated with Ar throughout the experiment. The electrochemically active surface area (ECSA) was evaluated by CO stripping at the beginning of the experiment to guarantee a reduced Ir surface. CO was adsorbed at 0.15 VRHE for 120 s and thereafter Ar was purged for 20 min to replace all dissolved CO. The potential was kept at 0.15 VRHE during the Ar purge. Finally, CO was oxidized by scanning the potential between 0.15 VRHE and 1.4 VRHE at a scan rate of 20 mVs -1 .
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Catalyst activation was always performed prior to OER measurements by holding the potential at 1.6 VRHE for 300 s. The OER activity is measured by cycling the potential from 1.2 VRHE to 1.55 VRHE at a scan rate of 10 mVs -1 . Activity is then recorded at 1.5 VRHE and 1.55 VRHE. Ir NPs activation and OER are all performed at a rotation rate of 3600 rpm and at 25 °C.
S7
Supplementary data
Limitations of conventional catalyst preparation methods The TEM and STEM micrographs in Fig. S1 show an industrial catalyst sample provided by Clariant. Achieving higher metal loadings (Pt loading >> 1 wt%) with small particles is a great challenge for conventional catalyst preparation methods (e.g. impregnation, incipient wetness etc.) because the possibility of aggregation and sintering increases with increasing metal loading. While particles with a mean diameter of around 3 nm are obtained at some areas (see Fig. S1a) , also large agglomerates of NPs (black features in the TEM micrographs, Fig. S1b ) are observed. 
STEM-EDS analysis of bimetallic NPs prepared by the Co4Cat process
The STEM-EDS maps presented in Fig. S3 and S4 show that an X-ray signal for both expected metals in the bi-metallic Pt-Ru and Ir-Ru NPs are recorded for the spots that correspond to identical NPs (white in the micrograph). This supports the bi-metallic nature of the NPs. The average atomic composition across the sample was Pt:Ru (7:3) and Ir:Ru (4:6). For Ir-Pt samples, an EDS spectrum obtained from a single NP shows two separated peaks, one for Pt Lα and one for Ir Lα, Fig. S5 . This indicates that this particle is bimetallic. Quantification of the spectrum using the Lα X-ray lines show an atomic Pt:Ir ratio of (1:1) across the sample (Tab. S1), S11 In addition, EDS spectra were recorded from 5 different regions that contained about 5-8 NPs. Quantification of the spectra using the Lα X-ray emission lines are presented in Tab. S1. For most regions, for odd or even number of NPs, the Pt:Ir atomic ratio was close to (1:1) except in one region where the ratio was 3:2. This indicates that the NPs are bimetallic and that they are quite homogeneous in chemical composition. If the metals were separated, a larger statistical variation is expected. [2] The chemical analysis of the regions with 5-8 nanoparticles agree with the result obtained from the single NP. (200) respectively. The measured lattice distances and angles between planes are all consistent within the experimental error with the Pt fcc crystal structure regardless of particle size.
Tab. S1. Atomic composition of several NPs evaluated in different regions
Re-dispersion of Co4Cat NPs
The nanoparticle obtained after 2 hours of reaction time using an oil bath under reflux conditions are around 2.5 nm in diameter. The diameter is slightly larger than NPs obtained using a microwave oven. This can be attributed to a slower nucleation process compared to a microwave oven synthesis leading to a slightly broader size distribution. Despite the NPs being slightly larger than the NPs obtained by other methods and for shorter synthesis time, the sedimented NPs illustrated in Fig. S7 can be re-dispersed (e.g. in methanol or acetone) without changes in particle size or size distribution, Fig. S8 . 
Drying of Co4Cat NPs
A dry powder of Co4Cat NPs can be obtained as demonstrated in Fig. S9 by simply removing the solvent by distillation. The dried NPs can be re-dispersed in low boiling point solvents like methanol, ethanol, or acetone and then be deposited onto support materials by solvent removal in exactly the same way as the as-prepared (see Fig. S10 ). The size of the NPs after drying, re-dispersing, and deposition is 2.10 ± 0.63 nm compared to 1.90 ± 0.62 nm for the as-synthesised NPs. Hence, NPs can be dried and further processed without any significant change in particle size. 
Solvent recovery and multiple uses
The TEM micrographs in Fig. S11 present Pt NPs obtained by the Co4Cat process as described in the Experimental Section. A relatively low concentration (0.5 mM) of H2PtCl6 was used for economic reasons since the experiments were performed with the largest volume that can be used in the microwave oven, i.e. 80 mL of alkaline methanol. This maximum reaction volume was used to demonstrate the benefit of solvent recovery. The solvent was recovered 5 times by evaporation and condensation and thereafter used to perform a new synthesis. Without further optimisation the overall solvent recovery was ca. 94 %. The size for this set of experiment performed the same day using the re-cycled solvent are: (a) 2.6 ± 0.6 nm, (b) 2.7 ± 0.7 nm, (c) 2.4 ± 0.7 nm, (d) 2.5 ± 0.7 nm, (e) 2.4 ± 0.7 nm, (f) 2.4 ± 0.6 nm. This demonstrates that the solvent can be recycled without leading to any significant change of the quality of the resulting NP dispersions. The solvent can be recycled by evaporation while the NPs are deposited onto a support or while drying the NPs to obtain a powder. This reduces the amount of waste generated by the process illustrated in Scheme S1. 
Hydrogenation of butanone on Pt/Al2O3: Comparison of industrial benchmarks and Co4Cat catalysts
In order to account for external diffusion limitations reaction rates were measured as a function of stirring speed until the reaction rate remained constant (stirring speeds ≥ 800 rpm). As a result, the overall reaction rates measured for the different catalysts are determined by the intrinsic activity and accessibility of each NP with respect to its location on the support. The accessibility of the NPs should be high for all catalysts as the support material was alumina powder (note: NP accessibility becomes more relevant as a limiting factor under industrially relevant reaction conditions where extrudes are used as supports instead of powders to minimize pressure drops).
If all particles are perfectly accessible than the reaction rate is not limited by internal diffusion and the turnover rate (TOR = reaction rate normalized to total number of surface atoms) is the same for different catalysts when considering a structure insensitive reaction.
Comparison of the TOR for the 1 wt% catalysts (see Tab. S4) reveals that even after normalization to the particle surface the catalyst prepared with colloids is slightly more active. The remaining deviation of TORs for these two catalysts indicates the presence of internal diffusion limitations. This conclusion is further confirmed by the decrease of TORs for the 5 and 10 wt% catalysts prepared with colloids. Thus, the deviation of TORs for the two 1 wt% catalysts gives an example of how activity can be enhanced by generating catalysts with NPs being more evenly distributed over the support.
Tab. S4. TOR (= reaction rates normalized to the total number of surface atoms) and Ptrelated mass-activities. The number of surface atoms was calculated from the surface averaged particle diameters that were determined from TEM particle size distributions. Since this approach does not work appropriately for catalysts that show aggregation and sintering, only Pt-mass related activities are given for the industrial 5 and 10 wt% catalysts (see also Fig. S9 ). The difference in behaviour of the benchmark and Co4Cat catalysts with increasing the metal loading is a consequence of the different physical parameters. Irrespective of the metal loading, the size of the NPs of the benchmark catalysts is larger with broader size distributions than the catalysts prepared by the colloidal Co4Cat route, Fig. S12-13 . The standard catalyst preparation method leads to strong aggregation and sintering for metal loadings of 5 and 10 wt%. This undesired effect leads to significant losses of active metal surface area. Experimental determination of the loadings of different catalysts grains reveals that the metal is rather unevenly distributed over the support surface (Fig. S12) , which increases the probability of local diffusion limitations. In contrast the catalyst prepared with colloids from the Co4Cat process exhibit a smaller NP size of around 2 nm. Irrespective of the metal loading, no aggregates are seen after deposition (Fig. S13) . Furthermore, STEM and EDX analysis reveal that the Pt is rather uniformly distributed across the alumina support and that the nominal loading is reached as expected.
Catalyst
Comparing a Co4Cat catalyst to a catalyst prepared by a colloidal protocol based on ethylene glycol (EG) as solvent [1, 3] ) it was found that the catalyst prepared by the EG approach is almost as active as the Co4Cat catalyst, considering the Pt-mass related activity, while the TOR is similar to that of the industrial one. Pt particles prepared by the EG method are even smaller (d = 1.2 nm) than the particles prepared by the Co4Cat approach and are thus expected to be even more active. [4] However, to achieve a proper support coating, the particles have to be precipitated with HCl prior to re-dispersing in an organic solvent that can be removed at reduced pressure, as EG has a boiling point of almost 200°C. [5] HCl is a catalyst poison thus causing a decrease of the catalytic activity. In the Co4Cat technology no precipitation is required. As the Pt loading is increased, Pt mass-based activities must be expected to decrease due to internal mass transport limitation. However, while losses in activity are modest for the catalysts prepared with the Co4Cat colloidal approach, activities decreases strongly for the industrial catalysts, a result related to aggregation and sintering. Recycling and deactivation was tested for the 1 wt% Pt on Al2O3 industrial catalyst and the same catalyst prepared by the colloidal Co4Cat method. The reaction temperature used for the experiment was too low to cause sintering (T = 20°C), as demonstrated by TEM images of the recycled catalysts.
Fig. S15. TEM images of industrial (a) and Co4Cat catalysts (b)
, recycled after exposure to catalytic reaction conditions. Both images reveal small isolated NPs and no larger aggregates were observed.
Nevertheless both catalysts were found to undergo deactivation, which is a typical problem for reactions with organic reactants and usually related to the formation and accumulation of carbonaceous species. [6] As both catalysts exhibit different activities, deactivation was analyzed as the relative loss of activity with respect to the number of turnovers per surface atom. Thereby the activity measured in the first run was taken as 100 %.
h Pt-Ru [14] Pt0.2/Ru0.8 ~65 1.48
h Pt-Ir [14] Pt0. 4 Co4Cat process: overall benefits Scheme S1. Illustration of the Co4Cat synthesis concept of precious metal nanoparticles and their subsequent processing to obtain supported catalysts.
